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ME.SURNG piH W=H HIM3i RESISTANT MEASURING DEVICES

L0ollowing is a translation of an article by Hans Joachim
Wolf in the Geiman-lanpage periodical Zeitsohrift ifir
Instrimente (Journal of Instruments), Vol 67, No 6, 1959,
pages 147-1954.J

In order to understand the peculiarities of electrcmeter ampli-
fiers for the determination of pH values, the direct coupled d. a.
amplifier has been described first. The means Viah are known at
present for the improvement of the connection are mentioned in order
to obtain the highe"e possible stabi.lity and measunrng accuracy.
Furthermore, different systems of modulated smPlifiers are shown and
practical examples are given. A distinction has been made between
direet reading and ccopensating instrcnents.

Exoept for the less faact color indicators for orientation PS
determination, modern ndnst.r and research relies almost solely upon
slectrametria meaguring methods for Of deterWiation. The most
ocnuonly used ystem In a glass electrode as a VR detector together
with a meawsuin device connected in the manner described belor. The
total tension of a glass electrode meansuring chain Is made up of at
least four half-elements: the potential building points on the imner
and outer glass gelatin layer and the inner and outer reference
electrode. Asymietric potential of the glass gelatin layer and
diffusion potential on the diaphrap of the outer reference electrode
are also possible. Of these individual potentials, only that on the
outer glass gelatin layer whioh is in contact with the rointion to be
measured should change its value in accordance with the respective
H÷ activity of the solution. Since the theor-dynazioally defined pH
value is not accurately meAsureable In practice, a oonventional pH
scale, whioh in based upon the arrang ment of certain 9H values for
so-called calibrating buffer solutions (Primary Standard, for instance
0.05 m potassium biphthalate)-

In hightly resistant measuring chains such as the glass elec-
trode, the measurement and recording of the yH value places great
demands upon the measuring device used. This applies particularly to
the input resistance of the measuring dev*ce., its accuracy, its
linearity and horizontal stability. Due to the high resistance, only
insotrunnts with electron tubes come into questiah at the present time.
The eleotrometric tubes which were used earl•er for this purpose be-
canse of high grid insulation and good vacuum are now best replaced
by normal amplifying tubes. Many devices contain the standard Indus-
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trial type equivalents of amplifying tubee, some of ,hiah have the
advantage of a lesser spread factor in addition to a guaranteed life
of IC,000 hours.

The temsions of a maxidm of several hundred millivolts whioh
are developed in the measuring chain actually require no amplifL-
Oat"on for actuating a moving goil indicator guage, for insta.nce.
But, because of the high resistance, a great power a-.p3ifoation is
necessary. Following is a description of one examples

If a voltage of 100 millivolts is applied to a pH meter with
an input resistance of 1012 Ohms, then the input pe-r is

U2  102 1,0_ .
10M

At a voltage inorea.se Vl .- 1, a current of I mA will be assumed for

the meter Indicator, therefore

N, a U . J . O.lV - I.1O- 3A -- 1O4W.

Therefore, in order to have a voltage Inore&se of V1 0 1, the i-nstr-
ment m=st have a power increase of

V2 - o's 1010o

,M=1 Resistance

For the following considerations, the resistance of the meas-
urinra chain can be assuaed to be from I0 to 1)00 megsobus, wbich
is applioable in moast oases. When a measuring nstrManet is connected
to such a measuring chain, a tension division is created with its
input voltage; i.e., the voltage at the instranent 3ziat 2 is not
equal to the electrode potential 31 but rather a measuring eror of
k1 - k rsults from the input resiStan0e of the instruoent, Rx.

Furthermore, a taxing of the electrode by the measwing
device with insuffioient 'input resistance could allow a polarisation
tauson to form, which would mean a further error in the value of
the electrode potential. The errors could be practically Igored if
the input resistance of the measurifg device could be made to be two
to three times greater than the maxim measuring chain resistance, Pe

Rinput - i011 to i1 Ohms.

Depending upon the intended purpose, the aocuracy of measure-
meat achieved is + 0.1 to 4 0.005 p. In the case of instruments
whiob give direct reading results, the original measur.ment error
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caused by inexactness of amplification is ampounded by errors of
linearity, such as when the indrtmeat indicator does not line up
correctly with the scale.

Gen•rally it is required that H measuring instruments rein
constant in their accuracy and linearity even when tubes become old
or are replaced.

Stablitw

Modem yi measuring techniques require eslctrode oalibration
throuy* the use of buffer solutions. This creates a deund fora
measuring instrsanet with a scale which is stable throughout a
certain period of tize, which is usually related to the sensitivity.
Allowable variations are expressed in milvolts per hour or of pH
per 24 hours. An instruaent with a scale stability of several mV
per 24 hour period can be considered suitable as a laboratory meaa-
uring itastrment of vergse acouracy, efpeci&afl since the zero point
ou the scales of these instrumets man usually be adjusted. Indus-
trial PH neeasring and reoordlAg place still hiaer dmande on the
stability of measuring instruments. Short interruptions and 1ýrest
variations of circult tean.on can be eapeoted in Industrial "atesm.
Sone of the connections described beaow meet evan these rigid require-
meonte.

InbtroEat Connot'-On

Directjy C.2uoed SIectron AMRUfiegn

With the advent of grid controlaed s.ectmo tubes, it ws•
made possible to contral the most aobut Indicating -nstrusients with
the s3allest &=eawable nomrts of poemr.

ALthoue the naclaiear displeassit of the tube character-
istio can be taken into account t means of ._,wtr=Aot calbration,
a Wonruderable inaccurpay of masuramut is inaerent in thi aon-
linearity, for a variation in the tube charamteristias is unavoidable
wit tube age and tube replaements.

If the indicatar lnstrveana Is directly in the anode cireuit,
ather sieaeble probles results - namely, the ciading of the idi-
oator by the anode rest ouw•ent Jac" The %Orkng point' at the aeo
point of tuasion of the tube will be *diuvted to the flattest poeadble
pert of the charaeteristic curve bV ane of the audiliary Vid
tamiou U , Awfe there Is a flow of anode rest current. If it is
de•ired J observe very uLU seauring toweon an the arier of
evaerl 0, it will be found that the respective anode orest change
is ve7 much maller than the anode reAt *=int and is practically
not r~adable. Another disadvantage is more or less ohamte•i•tic of
all directly coupled direct current volt&4& ampifiers; namely, In-
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sufficient time-constancy of the measured value, even with zero input
tenaion. This is mainly due to the influence of variations in the
operating power, but even an exceptionally good stabilization of the
power supply voltage does not bring absolute stability. A certain
streying of the anode rest current will always be observed because
of variations in the cathode emission. This instability will. appear
especially starkly am an inaccuraoy when tubes are turned off and
then starced again. Herein lies the great differenue between these
and the modulated amplifiers which will be described below, and which
can be said to have a practioally absolut, zero stvbility'.

The first of the above disadvantages of the directly coupled
amplifiers - nonlinearity and characteristic curve displacement, as
well as a lessened reading ancuracy due to the anode rest current
being indicated - can be eliminated by an appropriate anR entation
of the connection. However, this brings only a partial improvement
of the zero stability. There is one more point which applies to all
directly coupled direct current voltage amplifiers, namely, the
existence of a current in the grid circuit.

For all normal amplifyýng tubee! in the usual eonnection, a
grid current of about 1 & l0o- amperes can be detemined. At a
grid resistame of I megaobm, a potential of about 10 mW will' result
due to the grid current. This means an insignificant dimplanament
of the working point. However, if the resistance between the cathode
and the grid is Increased to a value of 100 to 1000 uegpobms, as is
eoT~sed by the glass electrode, then the grid current can only be
allowed to be from i0-l to 1f"I 0 amperes if 10 mV is still considered
the allowable potential displacement. Such a low grid current can be
found in special tubes - so-called 3 electrometrie tubes,' which are
plauged by several disadvantages as regards their use in indnstriAl
measuring instruments, however, stch as their mechanical sesitiveness
caused by direct heating and their high price. Modern connection
techniques make it possible to use standard amphiYIng tubes in such
a way that their grid current remains under the required -InImam
values. Prior to going into details of connection, let us take up
meamuree to repress various components of the grid current.

The arid electron current in the residual current stage can be
made insignificantly -al1 by means of a negative grid bias for the
eleotrometric cooneotions under consideration here.

The ion current can be avoided only through a good vacuum in
the respective tubes. In some cases, suitable tubes mast be sought
out from among large numbers of the same type.

The insulation grid current which can result from faulty
insulation of the circuit portion grid-cathode, can be avoided in
cleatramnetric tubes through mounting another grid at another point,
well insulated from the other electrodes. However, one usually
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Gxperiences liTtle difficulty due to insufficient insulation with
pr6sent-day standard amplifying tubes which are usually used for pH
metering.

Thermic grid. meission i1 greatly dependant upon the cathode
temperature end ran be repressed through underheating of the tubes.
Standard amplifier tubes in eleotrometric connections tkerefore
usually operate with a heating voltage which is reduced by 10 to 40%.

By taking appropriate measures, therefore, the grid current
of certain types of standard amplifying tubes in electrometrio connec-
tiont can be kept below the required value of from 10 -11 to 10-10
amperes.

Technicues of Conn9-ctio Directly Qoupled pi Amplifiers

The greatest disadvantage of the basic connection was the
ina'curacy of measuranent caused by the anode roet current being
included in the reading. This can be fully compensated for, however,
by means of a simple resistance connection, as shown in Figure 1.
The instrument indicator of the potentiometer P can be calibrated
exactly so that the input tension equals the zero point (EI = 0).

Although a considerable improvement is achieved throu# the
anode rest current comnpesation, this connection still has many
shortcomings, especially due to the fact that the nonlinearity of
the tube characteristic curve still is not corrected. The stability
of the indicated value and/or the zero point in also poor and strongly
deperdent upon fluotuatime in the heating and anode voltage. There
are two measures which can be taken to improve the oaeotion shown
in Figure 1 to the aetent that it becomes a laboratory type PH meter
with satisfactory oharaeteristios. First of all, a second tube system,

otlyJ •smmetrioal to the original, is oeneoted in place of the
stationary resistor RH. The grid of these tubes is given a tension
which it adjustable w"thin certain limits in order to calibrate the
zero point, but which is independent of the measuring voltage. Through
this symmetrical arrangement, the inflnence of fluctuating operational
voltage is reduced to a fraction of its previous value and the scale
-tability is considerably better. The second measure consists of
powering the tubes in the cathode amplifier connection, whereby a
greater linearization of the characteristic curve is obtained. The
rtaulting connection is shown in Elgure 2.

The voltage division found in this connection parallel to the
ancde feed .oltage is important in order to be able to adjust the
working point (i.e., the correct grid bias to correspond with the
ninutest grid current) of the tubes.

It should also be noted that stabilization of the heating and
anode voltage in mandatory to obtain satisfactory stability in these
and •Iim~lar connections. The following are used as stabilizing means:
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noon tubco
magmetlo voltago stabitzere•
barrettsor

el&Atron tube regulators
connections with diodes or transistors

f greater improvemert is obtained by =nclosing both tube Uys-
tms in a common glass case. This in made possible by the double
triodes which are available today, such as ECC 81, ECC 83, E 80 CC.

Other Ccnneoticnn for Direotlzr Coupled PH Measurement Amplifier•s

A certain disadvantage to the otherwise well functionIng
connection shown in Figure 2 is the relatively low power wtloh is
available for the meter. This is caused by the fact that, due to
low grid tension, they must work with anode rest currents of frot
20 to 100 microamperes. A correspondingly high current sensitivity
is therefore requirsd in the indicating instrument. Furthermore,
since the allokablo measuring instr=aeat resistance is Limited by the
connection, highly sensitive systems mist be used which are, in turn.
mechanically sensitive due to the low torsional -ment of their
torsion springs. Friction errors in particular can be observed with
such sensitive instruments. For this reason, devices have been
developed wbiah have a power amplification after the eleotrometric
stage. Robust indicator instruments can then be used, and avxiliary
instrumients and registering devices no longer offer difficulties.
There are basically two methods of providing this power amplification:
either the connection of a second, likewise ssymltric double triode
which, CorArary to tho first., works with higher anode current, or the
use of the so-called modulated am ifier. Figure 4 shows a practical
wmple of the first method.

In the second method, the lowpcer- direct current which is
created between the input cathodes is changed into alternating current
by means of a modulator, such as a contact breaker, diode transistor
or tube modulator. This alternating currnt, voltage can be greatly
amplified with a stabile zero point and latex- rectified. The cornec-
tion of one or several indicator instruments with, for instance, 1
milliamphere sensitivity for full registration is possible without
difficulty then. Figure 5 shows a block diagram of such an instrument.

Given certain conditions, the modulator can worsen the stability.
If a contact breaker is used, provided it has a practical design and
correct contact material, no worsening of the stability w•ll be
noticed. The disturbance potential created at the contacts, given
an axterior resistance of a -a-xmum of several megdohmz, lies far
below I millivolt and it is constant. On the other hand, instability
can arise through the usa of diode and transistor modulators, since
these elements are very tempersture-sensitive in their electrical
characteristics. Symmetric connections and special3y selected pairs



of olmcents bring only a partial improvciuent. Also the electronic
modulation by mears of a tube br±dge i5 not drift free, but rather
functions similarly to a direct coupled direct current voltage
empLifier stage.

Many authoro reonmend the use of the nCascoe" Principle as
a poclbility of improving the stability of direct coupled direot
ounrant voltcge amplifiers --17. This stipulates that an amslnfying
tube,, in place of the usual Ohmic vorking resistor, contains an
additional tube syutea in the anode or cathode circuit. Figure 6
dercribra this further. However, the author does not know of any
oxna•ezoial pIi measuring devices which use this principle.

UupledMsasur rzut., Amplifiers With External Counter-Coupling

The cathode amplifier, as shown in Figures 2-4, represents an
intbxrnally counter-coupled tube connection. In contrast to this, we
speak of an external counter-coupling when the back feeding 6f the
counter-coupled voltage taken place into the amplifier lead in via
abvbrcl tube stages. Such connections are used in some modern pR
meaauring devices. They have certain advantages over the instrumets
ahown in Figures 2-4, but do not by any means represent an ideal solu-
tion. Their advantage, for instance, consists of the fact that the
zero point fluctuation is caused, for the most part, only in the input
stages. The influence of subsequent tube stages Is reduced by the
factor of the amplification in the intervening portion. Additional
advsntagea can be noted in the speed of adjustment and the exactness
of amplification. However, these stated advantages apply only in the
ease of sufficient-ly great interior amplification, that is to say,
strong counter coupling. The characteristios of such an amplifier
nan be expressed with the help of Figure 71.

In order to obtain the above mentioned advantages, it must be
gLvwn. a - V, I 100 to 1000 (as great as possible).

Whain xternal counter coupling is used, the same viewpoints
apply for the input ztage as regards grid current as are given for
the simple connection. In this situation, therefore, counter coupling
has no advantages.

A diendvantage of much connections is the complicated potential
relationship within the amplifier, as necessarily results when more
then two direotly coupled tube stages which are connected in series
and fed from a omon anode voltage source. An electronic voltage
rgulator should be used to produce the relatively high operating
voltage neceesary for this, to include the po'w required for a strong
rle3age divider. Thue a considerably greater source is needed than
for the connections shown in Figures 2-4. This is compensated for by
only r partial improvement.
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The feed in of the counter coupled voltage can actually be
done at another point besides the input stage, as is ghoy Figure 7.
An electrometric measuring amplifier has been dsaribed Y79_ in hnich
the counter coupling passes via the heating of the direotly heated
eleotrometric input stage. The method is seen in the simplified scheme
shown in Figure 8. The attainable zero point stability is stated to
be 0.15 millivolt per hour.

Directl~y Coupled Measuri Amplifiers With Automatic Drift Comntion

PU measuring devices which use this principl.e represent a
upecialty in the developmental series of directly coupled direct
current r•plifiers. The manner of functioning of the autonatin,
intermitent drift control can be eaplained with the help of FiCuro 9.

A voltage amplification factor of r - 1 is asumed for the
amplifier, which corresponds to a counter coupling factor of a - 1
for a counter coupled amplifier. During the measurin phase, three
voltages, which are connected in seriep, lie at the input: the meas-
uring voltage Jx, the voltage of the condensor Uo and a disturbance
voltage Ist which corresponds to a zero point disjlacenent (drift).
During the "control phase 0 E is diverted and the condensor is loaded
to the drift voltage Ust tin the opposite direction) via the amplifier.
If the time constant C of the condensor is Rufficiently large and if
the amplifier input is correspondingly highly resistant, then the
loading of C wil fa.3y compensate the distvrbance voltage Us t during
the next measuring phase. With a coercially available p1 moter, the
measuring phase lasts 1 second, whereas the drift control is completed
in 0.015 second.

This process places certain demands on the exact functionig
of the switch contacts. For this reason, and largely because of the
high resistance of the input, a special relay is required. There is
no kncyn experience factor concerning the suitability of this measuring
principle for precision pE meters.

pH Measuring Devices with Modulated Ampifiers

General

Here the changing of the electrode potential Into alternating
current voltage takes place directly, as opposed to the devices sin~la
to Figure 4. All tubas work as alternating current voltage amplifiers
in standard connection, thus being zero point stabile and unaffected
by grid currents. A good measuring accursAy and linearity, as well
as the required high input resistance, is obtained through a powerful
counter cotpling.

The same relatlon&h•s apply as for the directly coupled
amplifier with external counter coupling. The attainable input
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rm3!ntanjcO i_ dependent upon other faotors, howevor, cince no grid
•ur-•r,.t a.t'uct oocuru. The inorease of the input reststance takes
place, in modulated amplifiers, acoording to the ratio

It " input resistance without counter coupling

1Z input resistance with counter coupling

a Counter coupling factor (aotuafly 0.1 - 1)

V, - Internal amplification V1 -1 "2.B

e ideving0 a 250 megaohms and the effective input, resistance shq1d,
the highly resiztant measuring chain, amount to 1 - 10L

Ohms, then a - V 1j = RetI must equal 400. For stability of measure-
ment accuracy and linearity, a suffidiently great a - V1 is also
important and renders the device practically independant of tube age,
tube rcplacinect and grid voltage fluctuation. From

igiven a counter ooupling factor a w 1) it can be seen that with
sufficiently great V1, the numerator practically disappears and
E; Ex results. Depending upon the choice of the counter coupling
faotors, values of = lo00 tQ 10,000 are required. A dropping of
V1 of 5%, as frcm V. = 1000 to V1 = 500, results in no visible indi-
oator change.

Instruments wl__th Vibrators or Osoillatlnz Conrdesors

At the present time, the contact vibrator and the osoillating
condeopor are the most important modulators in practice. Figure 13.
L4xcfw, typical input connections.

The doubled G-I link at the tube grid surves to keep the
voltmge which results froa grid current between the grid and *minus"

rom entering the modulator.

With vibrators, the disturbance voltage -caused -by -the -contact
potential is most noticeable and impossible to eliminate omplete-y.
Thie disturbance voltage depends upon the value of the external
rewietance, the contact material, the cleanliness of the contact

e•f~es and the £requency of the vibrator. Certain &3ld alloys 7
havr p-ovon themselves a contact material, but greater improvement is
hardly to be expected in this area. By reducing the frequenqy of the
viorator, this potential can be reduoed approximately proportionately.
However, there is a limiting factor if the measuring amplifier is
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rsjturo to fonlln rp-pid ohn., in tho ucLeured value. 1hell Irown r•I
,tutcra tharefore- uc-A onl"Y 50 or 25 oy&2c vibrator frequuncies. The

advantage of a ,3moller contact pot mtial with the 25 cycle vlbtator
brings with it large disadvantages, for a frequency reorucer is required
as i:el. as a second vibrator which is used as a rectifier. !'a e~mmplo
of the valnes of contact potentials with contact vibrators, a pi{
meter which works with 50 cycle vibrator showed a contact potential
of 2 to 10 mi-l1volt, at a mea3uring -huin resistance of 1000 megohms.

The oscil Ating :oidensor &also has a di~urbance voltage, which
ia also called a coiitact potential. Of greutest importamne ix the
typoc of ruaterial and the sna:aoe Cf the pletes. They can achieve
natinfaotory results wi th ,Ald plated aind dust free "anigents.
There are also some kacr~a oaoiflating oondensers which are hermetically
sealed and oporate partly 1n a proteotive Sc atmusphere. However,
much types bar4di come Into question as industrial *&I meters because
of thedi prohibitive cost. Cortray to the contact vibrator, a high
frequency, such as 400 cycles, can be benefioikl in some casr 1. The
values of the contact potential rre higher with the simpla mvnel3
thin with the vibrator and can amunt to as much as 50 millivolts at
1000 Megohms. A further increase to unllowable hig values can occur
ajter severzl months of continnous operation.

nlýct ronoa Moemlation

In principle, an electronic tube can sert-e to transform direot
measuring current voltage into a proportiou" alternating current
'ro1tage. Such connections, which usually work with a tube bridge
arrangfEmnt, have been variously described fe]. Their Importance
for pR meters is not groat today, howver, since they are plaged
by the same drift characteristics ap are known with directly coupled
amplifiers.

""Wo Channel A2gpifier"

DirgCtly coupled direct voltage current amplifiers and modulated
amplifiers can be ocmbined with each other in such awway that the
advantages of both gyatacs can be utilized. The combination is as
ooDlows: rapid ohanges in the measured valuod are passed through the
djr3eotV coupled channel, while slow fluctuations (drift) are corrected
in a slow-r•nning vibrator amplifier. If the frequency of the vibrator
is only 5 cycles, for instance, then its contact potential is so sma2l.
that the measmueamnt of the most highly resistant measuring chains -

op to 2000 megoh~z - bocoimes possible .l-.07.

V, is the directly coupled main amplifier which Is affected
by the disturbanae voltage. Its autput voltage E2 is fed back into
the inpaL via the couat~r coupling circuit a with a - X2. Up to this
poict, the same conditions ecist as with the amplifier in Figure 13 -
that is, the disturbance voltage a, whiah is always present and is
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oaunod by drift and othe' oausec, appoare at its fullest value. Tho
extornal foltage in I/a. By comparing the measuring voltage %L with
that portion of the fed back voltage a , k 2 , the value of u is obtained.
u is then fed to the oorruoting amplifier V2 . In the form of a slowly
operating vibrator amplifier, its disturbance voltage will be so
mirimal as to be ignored. An exact -amination reveals that the
disturbance voltage of the main amplifier u is reduced by the factor
I/V 2 if the output voltage V2 is fed back to the mmin amplifier input
with the correct phase. With sufficient stabilization of V2, the
stability becoaes extraordinarily good, so that this principle is
suitable for pH measuring amplifiers in spite its groat cost.

p2ofCiplo of C2Eensatioa

The most reliable method for measurixg elwctrochanical poten-
tiale is compensation. The voltage to be measured is placed opposite
a polarity which is adjusted to be the reverse of the voltage, and
then alternated until the voltage difference is zero. The accuracy
of this type measuring instrument is dependant only upon the precision
of the resistors used and the accuracy of calibration of the voltage
source. A standard element is often used as a calibrating standard,
witile a highly stabilized circuit rectifier is used as the cmpen-
sation voltage source. In older instruments, a battery, or the
atandard element itself is used. We differentiate between self-
equalizing compensators and those with which the equalizing must be
done manually. For the best accuracy, manual compensation is preferred.

GCompeqnating Measuring Devines With Manual Equalizing

The basic connection requires certain additions in order to be
able to measure highly resistant potential sources.

This applies particularly to the zero indicator, since practi-
cally no power is available due to the high resistance of the meas-
uring chain. A direct reading moving coil instrument is therefore
not -nitable. The necessary tube amplifier can be either directly
coupled or constructed like a modulated mpl•ier. For purposes of
obtaining the greatest possible accuracy, the latter should be given
preference since it possesses the possibility of attaining a highs
zero-point-stabile voltage amplifier. Figure 13 shows a block diagram
',f such a compensator.

The modulated amplifier used with this device provides a voltage
amplification so strong that the zero indicator uses magic eye differ-
once voltage of less than 0.5 millivolts and gives very definite
registrations. The measuring of electrode-chains up to 1000 megohms
i '*uite possible.

E el l.f-ualiz ing Compensators

The equalization is best accomplished with a servo motor. In
order to obtain sufficient, accuracy with rapid adjustment - 1 or 2
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seconds for the full range - a damping generator or a special connec-
tion with a corresponding function is absolutely necessary.

The servo motor runs and adJusts the potentiometer sliding
contacts so long until the difference voltage E1 - Ic ± %2 (see
Figure 33) aeproachs zero. The attainable adjustment accuracy
therefore detandu upon the available degree of amplification. On
the other hand, amplification cannot be increased to any desired
height, or the entire m-sten would begin oscillation. Limits are
set to the stability attainable with the damping generator or
correspondingly funotioning connection. The adjustment accuracy
attainable with standard meaws with such instruments is therefore
usually given as 0.2 to 0.3% of the final value. 50 cycles is the
usual modulation frequency since it is easiest to connect the socond
motor winding, -which is Zed with alternating current voltage,
directiy to the circuit.

Self-equalizing compensators are usuaily designed as registei-
Ing instruments, sinoe the driving power of the servo motor is easily
sufficient to drive an inscribing stylus.

Figure 14 shows a modern compensator graph. For automatically
recording the titration curves, the paper advancer is aombined here
with the piston burette. The instrtment uses a c~on ball point
inser+ -and has a usable recording width of 250 mm. Adjustment is
rapia .aid accurate.

The probln of mass producing the above described special
tubes which are reliable in continuous operation can be considered
as having been solved.

- V measuidng devices can be divided according to type into two
main olne es. In the first group, the measuring voltage is fed
directly- to the indicator dial after amplification. A directly
coupled or a modulated amplifier can be used, a combination of both
also being possible. The second main group works on the compensation
principle. The measuring voltage is placed opposite a variable,
callbrated ccoupention voltage and alternated until the difference
voltage is zero. The control of the compensation current can be
manual or automatic by means of a servo machazim, the latter method
often being oambined with a registering device (compensograph).

A special class are the direct reading devices, in which the
measuring voltage is partially ocmpensated by an adjustablo, staged
counter current. The devioe shown in Figure 3 works on this principle.
In connection with these instrumnents, one speak- of "partial compen-
sation."
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Measuring amplifiers vith ext.ernal courter coupling can also
be considered as self-equalizing nompensatcrs. From these consider-
ations, there results the above mentioned increaLed accuracy and -
in the case of the modulated amplifier -- the magnification of the
input resistance.
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